We demonstrate experimentally a transition from nonlinear beam trapping to defocusing in a two-dimensional periodic photonic structures by varying the modulation depth of the lattice. The observed effect illustrates the fundamental crossover from discrete to cw transport mechanisms. At the threshold modulation, the output beam is highly sensitive to refractive index and power variations, which can be potentially applied for high-sensitivity refractive index or temperature sensing. © 2010 Optical Society of America OCIS codes: 190.5940, 190.6135, 190.0190.
Self-action of light in nonlinear periodic structures is a rich physical phenomenon giving rise to a range of fundamental effects that can be observed only owing to the medium periodicity and have no analog in homogeneous systems. Periodic structures in optics introduce dramatic changes in the linear wave spectrum through the appearance of photonic bandgaps and subsequent qualitative and quantitative modification of wave transport [1] . These features furthermore have a dramatic effect on nonlinear wave dynamics, in particular, enabling localization of slow-light pulses in the form of gap solitons [2] and supporting new types of spatial solitons and breathers [3] .
A remarkable effect demonstrating a key difference between homogeneous and periodic nonlinear structures is the laser beam self-action. When an optical medium features Kerr-type nonlinear response such that the optical refractive index is decreased in the region of high optical intensity, then such nonlinearity is traditionally called "self-defocusing," because the nonlinear beam self-action leads to accelerated beam diffraction in such a homogeneous medium [4] . However, in periodic photonic lattices or waveguide arrays, the same type of nonlinearity can lead to beam focusing and self-trapping, as was predicted theoretically [5] [6] [7] and subsequently observed experimentally [8] [9] [10] . Such reversal of nonlinear self-action can appear owing to the transition of wave transport from continuous to discrete tunneling between the waveguides [11] and the simultaneous opening of photonic bandgaps.
Whereas the nonlinear beam self-action is well understood in the extreme cases of purely homogeneous structures and strongly modulated periodic lattices, the beam dynamics in the intermediate regime is less studied. It was predicted theoretically for one-dimensional (1D) lattices that there is a threshold (nonzero) value of modulation where the nonlinear beam response sharply switches its behavior [10] ; however, this was not observed experimentally.
In this Letter, we employ a photonic structure with highly tunable index modulation and present the first experimental demonstration of crossover from nonlinear self-focusing to defocusing when the refractive index modulation is gradually decreased. In our experiments we utilize the cladding of a liquid-infiltrated photonic crystal fiber (PCF) [12, 13] (see inset in Fig. 1 ) and use precision control of the fiber temperature to tune the index modulation of the two-dimensional (2D) periodic structure. In addition, the weak absorption of laser light in the liquid results in thermal defocusing nonlinearity. In such a way, our system enables detailed studies of the interplay between periodicity and nonlinearity.
First we characterize our system theoretically. The use of a 2D periodic structure brings some richer physics in the process of light localization [8] in comparison with the 1D case [9, 10] . In particular, because for defocusing nonlinearity the propagation constant of localized states resides in the Bragg reflection gap, it is important that such a gap exists. However, a property of the 2D lattices is that below a certain lattice depth, the structure does not support a complete photonic bandgap anymore and only partial gaps in specific directions are allowed. This is illustrated in Figs. 1(a) and 1(b) , showing the bandgap structure (propagation constant versus transverse wavenumber) of our hexagonal lattice for two different refractive index modulations. While in the case of Δn ¼ 10 −3 , there is a complete 2D bandgap in the system, for smaller index modulation, Δn ¼ 0:2 × 10 −3 , there is no full gap and no localized states can exist.
To illustrate the closing of the 2D photonic gap with index modulation, in Fig. 1(c) we plot the propagation constants of the top (Γ1 point) and bottom (J1 or Y 1 points) of the first band together with the propagation constant of the top of the second band (Y 2 point). With the decreasing of the index contrast of the structure, the gap [shaded area in Fig. 1(c) ] gets narrower and completely closes for Δn ¼ 2:3 × 10 −4 . Obviously, the localization of beams in the 2D system is not possible when the gap is completely closed. This is in contrast to the 1D case where the Bragg reflection gap always exists.
Next, we simulate the beam evolution in our structure by solving the 2D nonlinear Schrödinger equation for the slowly varying electric field envelope E:
is the transverse Laplacian, D ¼ λ=4πn glass is the diffraction coefficient, γ is the nonlinear coefficient, λ is the wavelength of light, n glass is the background refractive index, and Gðx; yÞ is the refractive index profile defined numerically as a hexagonal lattice of circular holes with a diameter of 5 μm, period 10 μm, and refractive index contrast Δn. The notation ∂ i , i ¼ x, y, z stands for partial derivative on i. While the general description of the thermal nonlinearity is nonlocal [13] , here we use the simpler approximation of Kerr-type nonlinearity. As we will see below, this model describes well the effect of crossover. We characterize the beam evolution by calculating the fraction of light in the input waveguide after propagation of 2 cm. In Fig. 2 (middle) we show a 2D plot of this fraction (log 10 scale) versus linear (horizontal axis) and nonlinear (vertical axis) index modulation in the lattice. A larger fraction of light in the input hole indicates a stronger beam confinement. In the linear regime (γ ¼ 0) we observe increased beam diffraction, and a correspondingly decreased amount of light in the input waveguide as the index contrast is reduced. This is clearly visible in the output intensity distribution shown in Figs. 2 (i) , (iii), and (v). In the nonlinear regime (γ < 0) we observe a high degree of beam localization and soliton formation for large index contrast (Δn > 2 × 10 −3 ), see Figs. 2 (ii) and (iv). Below an index contrast of Δn ¼ 1:8 × 10 −3 , we observe only beam defocusing even with increased light intensity [ Fig. 2 (vi) ]. This crossover is indicated in Fig. 2 by the white dashed line, after which any increases in nonlinear coefficient γ leads to no increase in the fraction of light in the input waveguide. Interestingly, for the obtained threshold index modulation, the photonic Bragg reflection gap is fully open [ Fig. 1(c) ], suggesting that the crossover is a fundamental phenomena appearing equally in any periodic structures regardless its dimensionality.
For the experimental demonstration of the predicted crossover, we use the cladding of a PCF with a hexagonal arrangement of holes with diameter ∼5 μm and period Λ ¼ 10 μm (see the inset in Fig. 1 ) [13] . The holes are infiltrated with a high refractive index Cargille oil (n ¼ 1:48), which makes them act as optical waveguides. The fiber is placed inside a temperature-stabilized oven, where its temperature is tuned such that the difference in the refractive indices of the infiltrating oil and the surrounding silica is ∼10 −3 . For a sufficiently small refractive index difference between the liquid and the glass matrix, the waveguides are coupled together, forming a hexagonal photonic lattice. To probe the structure, we use the light from a CW laser at 532 nm and focus it to one input channel in the array. The output of the fiber is imaged onto a CCD camera, in order to analyze the output beam intensity distributions. The thermal defocusing nonlinearity of the liquid arises due to weak light absorption and the accompanying heating of the liquid channels. This heating leads to expansion of the liquid and a corresponding decrease of its refractive index.
We couple light into a single hole of the infiltrated PCF cladding and measure the fraction of light in the central (input) channel of the array as a function of the transmitted total laser power. In Fig. 3 we show the measured (points) power dependencies for three different sample temperatures. An increase of the light transmitted through the input channel indicates light beam localization. For temperatures from 76°C to 77°C, the fraction of light in the input waveguide increases as the input power is increased. At high enough powers the beam is localized to a , forming a gap soliton [13] . This strong beam localization indicates that the system behaves as a discrete one.
When increasing the fiber temperature, hence reducing the refractive index contrast, we observe that the system sharply switches its behavior. For a temperature of 78°C, with an increase of beam power the output beam starts to defocus [Figs. 3 (v) , (vi)]. The focusing-defocusing transition occurs between 77°C and 78°C when the refractive index contrast is low enough and the system loses its discreteness. The observed crossover agrees well with our numerical simulations shown by the solid curves in Fig. 3 .
In conclusion, we have utilized a liquid-infiltrated PCF as a 2D periodic structure with highly tunable refractive index modulation to study the crossover behavior of a the system from periodic to homogeneous. The crossover is observed as the point where the defocusing nonlinear response of the propagating beams abruptly switches from beam localization to defocusing. Through numerical simulations and detailed experimental analysis, we have determined the threshold index contrast for such a crossover. Near this threshold point the beam output is highly sensitive to index modulations and power fluctuations in the system, and, therefore, this regime can be applied for high-sensitivity refractive index or temperature sensing. Furthermore, our results may have implications beyond the field of optics relating, e.g., to the crossover behavior of conductivity in graphene sheets [14] .
